Background Inflammatory-related conditions and organ failure (OF) lead to late trauma mortality. Cytokine profiles can predict adverse events and mortality, potentially guiding treatment strategies (damage control surgery versus early total care). However, the specific cytokines to predict the clinical course in polytraumatized patients are not fully identified. Questions/purposes We investigated the early pentraxin 3 (PTX3), IL-6, soluble IL-6 receptor (sIL-6R), and transsignaling ratio (TSR) in polytraumatized patients to estimate immunologic injury severity and predict OF and survival. Methods We prospectively followed 58 patients with severe polytrauma, six patients with minor trauma, and 10 healthy volunteers. The mean Injury Severity Score (ISS) was 43 points and the mean Hannover Polytrauma Score (PTS) was 59 points, with a consequently high mortality rate (30%). Twenty-seven of the 58 polytraumatized patients (46%) developed OF, 67% systemic inflammatory response syndrome, and 38% sepsis. Results Mean sIL-6R concentrations in polytrauma initially were low. Mean PTX3 concentrations were high and peaked at 24 hours. The mean TSR peaked at 6 hours; at that time, the mean value was higher for nonsurvivors. PTX3 concentrations at admission were associated with injury severity calculated by ISS and PTS. Higher PTX3 serum concentrations 24 hours after admission correlated with lower probability for survival. Conclusions PTX3, sIL-6R, and TSR were early markers for posttraumatic inflammatory status, OF, injury severity, and TSR for survival after polytrauma. The temporal profile of PTX3 and TSR might be used to anticipate the total injury severity and the clinical course and thereby guide decision making in polytraumatized patients.
Introduction
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The two types of surgical management in multiply injured patients are generally early total care (ETC) or generally lesser (damage control) orthopaedic surgery (DCO). Whereas ETC involves definitive treatment including internal fixation soon after trauma, DCO means stopping the bleeding and contamination followed by temporary fracture stabilization (eg, external fixator) and ICU treatment.
Early detection or prediction of inflammatory adverse events in the management of polytrauma would give the trauma surgeon the opportunity to adapt individual management strategies and avoid secondary adverse clinical events [23] . The two surgical approaches influence the development of secondary adverse clinical events in distinct ways. DCO reportedly reduces the incidence of OF [8] . However, DCO increases the hospitalization phase, number of needed operations, and total costs [24, 31] . Therefore, to appropriately allocate patients to DCO or ETC, it is important to have diagnostic tools predicting OF and mortality in polytrauma within 24 hours after injury. Anatomic injury severity scores, eg, the Injury Severity Score (ISS) [3] , reflect only parts of the real clinical injury severity because no physiologic or immunologic parameters are considered.
Capillary leakage and endothelial dysfunction lead to an overwhelming posttraumatic proinflammatory response with shortened microcirculation, which provokes OF [21] . The proinflammatory IL-6 is basically involved in the regulation of the posttraumatic acute-phase response [11] . The IL-6 interactions have been extensively investigated for several traumatic conditions (burns, surgical interventions, injury severity, soft tissue injury, thoracic injury, OF, mortality) [5, 6, 11, 21, 25, 28, 30, 31] , but the role of the agonistic function of the soluble IL-6 receptor (sIL-6R) is unclear [12, 13, 22, 27] . Normally, IL-6 binds to its membrane-bound receptor (IL-6R) regulating intracellular gene transcription (JAK-STAT, MAP-kinase pathway). After alternative splicing (intracellular production of cytokine receptor without transmembrane domain) and shedding (cleavage of the transmembrane domain by bacterial/endogen enzymes), the IL-6R can be disunited from its transmembrane protein gp130, creating the sIL-6R. Remarkably, the sIL-6R in blood serum can bind to IL-6, forming the agonistic IL-6/sIL-6R complex. This complex can directly bind to gp130. gp130 is expressed in almost every cell line, rendering normally IL-6 cytokine nonresponsive cells (no IL-6R) capable of responding to IL-6/sIL-6R, vastly enlarging the spectrum of IL-6 activities. This mechanism is called transsignaling and might be a fundamental explanation for the unspecific overwhelming posttraumatic inflammatory reaction [13] . The transsignaling mechanism is involved in hemorrhagic shock [22] , cancer [27] , chronic autoimmune diseases [27] , and sepsis [22] , thus representing a decisive factor during severe trauma. Based on these observations, we suggest high IL-6 and low sIL-6R concentrations (consumption due to IL-6/sIL-6R complex formation and binding to gp130) could be markers for high inflammatory response. We implement a new ratio, the transsignaling ratio (TSR; see Patients and Methods). We do not believe a single cytokine has the ability to reflect the complex posttraumatic inflammatory status. Therefore, we will likely need to detect key cytokines regulating posttraumatic immune response via cytokine crosstalk and multidirectional signaling pathways to establish an individual cytokine profile for each polytraumatized patient. Pentraxin 3 (PTX3) is one of these promising cytokines. The traumarelevant interactions of IL-6/sIL-6R and PTX3 are illustrated in a schematic drawing ( Fig. 1 ). PTX3 is an extrahepatic acute-phase protein produced in all trauma-relevant cells (endothelial cells, lung epithelial cells, fibroblasts, adipocytes, synovial cells, monocytes, dendritic cells, myocytes, chondrocytes) and is involved in ischemia [1, 4, 7, 9, 20, 29] , reperfusion [29] , sepsis [1, 4, 17] , and tissue and lung injury [1, 7] . Because of the extrahepatic formation and induction by various trauma-related cytokines (IL-1, IL-6, TNF-a), PTX3 is likely involved in the pathophysiologic mechanisms in trauma, although this has not been confirmed.
We addressed the following questions: (1) What are the temporal profiles of immunologic parameters for polytraumized patients? (2) Are there differences in the sIL-6R and PTX3 concentrations and TSR among healthy subjects, patients with minor trauma, and patients with polytrauma? (3) Are there differences in the temporal profiles of sIL-6R and PTX3 concentrations and TSR between survivors and nonsurvivors? (4) Are there differences in sIL-6R and PTX3 concentrations and TSR between polytraumatized patients with and without OF, SIRS, or sepsis? And (5) is sIL-6R or PTX3 associated with anatomic injury severity as assessed by the ISS [3] and Hannover Polytrauma Score (PTS) [26] ?
Patients and Methods
In this prospective observational pilot study, we enrolled 58 patients with polytrauma (Group I), six patients with minor trauma (Group II), and 10 healthy volunteers (Group III) from April 2009 to March 2012. Inclusion criteria were: Group I: (1) patients with polytrauma, (2) age of 18 years or more, (3) ISS of greater than 25 points, (4) admission less than 2 hours and transfer less than 6 hours after trauma with a therapy-free interval of less than 30 minutes; Group II: (1) minor trauma, (2) age of 18 years or more, (3) ISS of 15 points or less, (4) admission less than 2 hours and transfer less than 6 hours after trauma with a therapy-free interval of less than 30 minutes; and Group III: (1) healthy subjects, (2) age of 18 years or more, (3) no infectious disease in less than 1 month. The IL-6, sIL-6R, TSR, and PTX3 values of Groups II and III (minor trauma, healthy) were compared to those of Group I (polytrauma) to reveal the impact of injury severity on cytokine expression. Furthermore, Group III was used to verify and determinate the standard values for IL-6, sIL-6R, TSR, and PTX3 in healthy humans. A patient was screened whenever the study team was alerted or aware of admission of a polytraumatized patient to our trauma center and the inclusion criteria were fulfilled. Our series of patients with polytrauma was not consecutively selected. The study cohort (Group I) consisted of patients with severe polytrauma (mean ± SD: ISS, 43 ± 14 points; PTS, 52 ± 19 points), which was reflected by a high mortality rate (n = 17, 30%). In consequence of the severe trauma, 46% developed OF (23% renal/intracranial failure, 42% multiple OF), 67% SIRS, and 38% sepsis. The sepsis origin was wound infection in 50%, pneumonia in 27%, and catheter-associated infection in 23%. SIRS was detected in 56% on the day of trauma, 48% on the first day, 39% on the second day, 32% on the third day, and 25% on the fourth day after trauma. Established critical care scores 24 [18] calculated overall survival was 58%. Compared to the observed survival of 70% in our study cohort, the performed trauma management in our center posed a 12% survival advantage.
To measure the sIL-6R and PTX3 serum concentrations, blood samples from Groups I and II were drawn at admission, prepared, centrifuged, and stored at À80°C. For Group I, additional blood was drawn 6, 24, 48, 72, and 96 hours after admission to reveal the temporal profile of sIL-6R and PTX3 after admission, as well as the posttraumatic changes of C-reactive protein (CRP), procalcitonin (PCT), IL-6, and white blood cell (WBC) count. The sIL-6R (dilution 1:50; Quantikine 1 Human IL-6sR Immunoassay DR 600; R&D Systems, Wiesbaden-Nordenstadt, Germany) and PTX3 serum concentrations (Quantikine 1 Human Pentraxin 3/TSG-14 Immunoassay DPTX30; R&D Systems) was quantified in triplicate by ELISA. PTX3 ELISA was established and validated for serum polytrauma blood samples (1:16 dilution) by spike and recovery test (100%, R&D Systems). ELISA readout was performed with a microplate reader at 450 nm, with correction at 570 nm. We evaluated the readings with Microplate Manager TM Version 5.2 software (Bio-Rad Laboratories, Inc, Hercules, CA, USA).
The general IL-6 cytokine activation (cytokine plus agonistic receptor-mediated transsignaling) was estimated by establishing the TSR: quotient of IL-6 (pg/mL) and sIL-6R (ng/mL). TSR was calculated for each time point.
We obtained and/or calculated the following information from the patients charts: sex, age, ISS, PTS, RISC [18] , SIRS [2] , sepsis, sepsis origin, OF, type and origin of OF, SAPS II [19] , APACHE II [16] , and SOFA [10] .
The mean and SD were calculated. The single IL-6, sIL-6R, TSR, and PTX3 serum concentrations and temporal profile were compared between patients with and without SIRS, sepsis, or OF and between survivors and nonsurvivors. To analyze differences in the sIL-6R and PTX3 concentrations and TSR among healthy subjects, patients with minor trauma, and patients with polytrauma and between survivors and nonsurvivors, we used the Mann-Whitney U test. For differences in the temporal profiles of sIL-6R and PTX3 concentrations and TSR, we used the Wilcoxon test. The differences in sIL-6R and PTX3 concentrations and TSR between polytraumatized patients with and without OF, SIRS, or sepsis were tested by the Mann-Whitney U test. The correlation of sIL-6R or PTX3 with anatomic injury severity was assessed by a correlation test. We performed the statistical analyses using PASW 1 20.0 software (SPSS Inc, Chicago, IL, USA).
Results
The mean values and temporal profiles of all measured immunologic parameters (IL-6, sIL-6R, PTX3, CRP, PCT, WBC) for the polytraumatized patients (Group I) are shown ( Table 1 ). We observed a typical delayed increase of CRP compared to IL-6 and PTX3. The maximum mean IL-6 and PTX3 concentrations were observed at 6 and 24 hours after admission, respectively. The infectious laboratory parameters CRP (48-72 hours after admission) and PCT (48-72 hours after admission) were late markers for posttraumatic inflammation.
The mean initially measured sIL-6R blood concentration in polytraumatized patients (Group I) at admission (21 ng/mL) was low compared to that of patients with minor injuries (Group II; 27 ng/mL) and the standard value in the healthy volunteers (Group III; 80 ng/mL). Furthermore, the mean sIL-6R concentrations in Group I stayed low during the entire observation period (Fig. 2) . In contrast, the mean IL-6 blood concentrations were elevated in Group I for the whole observation period, with peak concentration 6 hours after admission (Fig. 3) . The mean PTX3 blood concentrations 24 hours after admission in Group I (61 ± 69 ng/mL) were also high compared to Group II (27 ± 11 ng/mL) and Group III (\ 2 ng/mL) ( Fig. 4 ). Similar to IL-6 and sIL-6R, the TSR had its peak mean concentration 6 hours after admission (53 ± 124), followed by a constant decrease over the observation period (Fig. 5) .
The mean sIL-6R concentrations increased and decreased over the different time points in survivors but not in nonsurvivors (Fig. 6 ). The mean TSR 6 hours after admission was higher (p = 0.04) in nonsurvivors (182 ± 286) than in survivors (29 ± 39). No differences could be detected for mean IL-6 and sIL-6R concentrations alone between survivors and nonsurvivors.
Higher TSR (p = 0.04, 0.03, and 0.01) and IL-6 (p = 0.02, 0.03, and 0.005) values were seen 24, 48, and 72 hours after admission in patients with OF. Also, higher TSR (p = 0.009) and IL-6 (p = 0.03) values 24 hours after admission were detected in patients with sepsis. Similarly, the TSR was elevated (p = 0.01, 0.008 and 0.03) in patients with SIRS 6, 24, and 72 hours after admission. In addition to TSR and IL-6, high inflammatory parameters (PCT, WBC, PTX3) 48 hours after admission were all associated with the development of OF. Elevated PTX3 blood concentrations 24 hours after admission were associated (p = 0.03) with SIRS. We found no association with survival and sepsis.
The PTX3 blood concentration at admission was associated (p \ 0.001) with the injury severity as assessed by the ISS and PTS. Furthermore, higher PTX3 serum concentrations after 24 hours correlated (R 2 = 0.542; p \ 0.001) with lower probability for survival as calculated by RISC score.
Discussion
Inflammatory-related conditions such as SIRS, sepsis, and OF are responsible for late trauma mortality. Cytokine profiles have the potential to predict adverse events and mortality and guide treatment strategies (DCO versus ETC). We therefore asked the following questions: (1) What are the temporal profiles of immunologic parameters for polytraumized patients? (2) Are there differences in the sIL-6R and PTX3 concentrations and TSR among healthy subjects, patients with minor trauma, and patients with polytrauma? (3) Are there differences in the temporal profiles of sIL-6R and PTX3 concentrations and TSR between survivors and nonsurvivors? (4) Are there differences in sIL-6R and PTX3 concentrations and TSR between polytraumatized patients with and without OF, SIRS, or sepsis? And (5) is sIL-6R or PTX3 associated with anatomic injury severity as assessed by the ISS and PTS?
Limitations of our study include the following. First, we used a single-center approach. Since the type and quality of initial trauma management influence evolving adverse clinical events and subsequent survival rates, this point may limit the applicability to other hospitals with less experience in polytrauma management and lower patient load. Berlin has the shortest rescue times throughout Germany (average time from accident until hospital admission, 52 minutes). Therefore, we admit patients in our resuscitation room who would not reach the hospital alive in rural areas of Germany. This results in higher mean ISSs and increased rates of early mortality and OF compared to regions with longer rescue times and less specific rescue systems [15] . Therefore, our results may not be representative of other regions and cities. On the other hand, our polytrauma management improves Values are expressed as mean ± SD; sIL-6R = soluble IL-6 receptor; PTX3 = pentraxin 3; CRP = C-reactive protein; PCT = procalcitonin; WBC = white blood cell.
Volume 471, Number 9, September 2013 PTX3 and Transsignaling in Polytrauma 2825 the calculated survival (RISC), potentially lowering the incidence of adverse events and maybe secondary increase of cytokines due to septic complications. Therefore, we might record higher rates of early mortality and OF and higher injury severity compared to regions with longer rescue times and rescue systems without emergency physicians. Second, we could not include all patients meeting our inclusion criteria, thus introducing the possibility of selection bias. Comparing the characteristics of our study collective with our data from the German Trauma Registry since 2005, the included patient collective mirrors our typical trauma collective with high injury severity, trauma mechanism, mortality rate, incidence of OF, and distribution of anatomic injuries. Therefore, we can exclude a huge selection bias, justifying our results as representative of our trauma center. Third, a general problem with interpretation of our data and previously published data is the typically huge variations in cytokine concentrations between patients at single time points. We suspect these deviations are an expression of individual, genetic-based, sex-and age-dependent immune responses. We believe the only way to minimize this natural deviation is to generate an immunologic fingerprint of our polytraumatized patients by using, eg, IL-1/ IL-4/IL-6/IL-10 and CD4/CD8 ratios combined with physiologic parameters (lactate, base deficit, body temperature, fluid balance, oxygenation, ventilation). Together with the Fig. 4 The temporal profile of PTX3 blood concentration in patients with polytrauma is shown. Peak expression is seen 24 to 48 hours after admission. Horizontal line = time point after admission; box = concentration with SD; whiskers = CI. anatomic injury severity and physiology, the trauma surgeon gets a total overview and impression of the polytraumatized patient, assisting decision making in the future. Further prospective studies are needed to reveal cutoff points for sIL-6 and PTX3 after trauma. Fourth, while dilution may result in low cytokine levels in the early phase after trauma due to massive volume resuscitation, we believe this unlikely because IL-6 and PTX3 blood concentrations increase at the same time in the same blood sample, while the sIL-6R concentration decreases. We found the mean sIL-6R was lower in polytraumatized patients compared to monotraumatized patients and healthy individuals. sIL-6R concentration showed no increase or decrease over the different time points in nonsurvivors compared to survivors. Analyzing the early sIL-6R profile may assist in anticipating the outcome of patients with severe polytrauma. The low sIL-6R concentrations in nonsurvivors may reflect exhaustion of the immune system, resulting in an inadequate early immune response. To consolidate already known cytokine patterns and their clinical interactions, we tried to achieve a valid and practicable cytokine profile for daily clinical use, including sIL-6R. Furthermore, the sIL-6R concentrations seem to have a functional relationship with the injury severity. In contrast, PTX3 concentrations were higher in polytraumatized compared to monotraumatized and healthy individuals.
According to the above-mentioned pathophysiologic considerations, we fused the new knowledge of sIL-6R with the old knowledge of IL-6 and calculated a TSR for each time point of the observation period. TSR and IL-6 were associated with OF (24-72 hours) and sepsis (24 hours). TSR was the only parameter we tested that was capable of dividing nonsurvivors from survivors, with higher values in the nonsurvivor group. TSR is revealed as an early parameter to predict survival after trauma. The simultaneous measurement of IL-6 and sIL-6R within the first 24 hours after injury can assist the trauma surgeon in predicting survival, OF, and inflammatory adverse events.
While the TSR and sIL-6R could be markers to predict the impact of inflammation, sepsis, and OF, PTX3 appears as an early marker to estimate the total, anatomic, and inflammatory injury severity and survival probability. In contrast to sIL-6R, the PTX3 blood concentrations were increased, with peak expression 24 hours after polytrauma. Taking the known PTX3 blood concentrations for endotoxic shock, sepsis, and other inflammatory and infectious diseases (200-800 ng/mL) into account, the trauma-induced increases were moderately elevated [20] . The well-established inflammatory parameters CRP and PCT in our study had later peak levels (48-96 hours) and were slow markers of inflammation in polytrauma ( Table 1) . Measurement of CRP and PCT is not useful in the early phase of polytrauma Fig. 6 The temporal profiles of TSR in survivors and nonsurvivors are compared. Higher (p = 0.04) TSR 6 hours after admission is seen in nonsurvivors compared to survivors. Horizontal line = time point after admission; box = TSR values with SD; whiskers = CI. management (\ 48 hours). Therefore, PTX3 may allow detection of early inflammation in polytrauma. This supports our findings concerning sIL-6R and TSR, keeping in mind that IL-6 is a strong inducer of PTX3. Thus, extrahepatic PTX3 is predominately synthesized in cell lines involved in soft tissue injury (adipocytes, fibroblast, endothelial cells, muscle cells) after trauma [1, 20] . These observations lead us to suggest that PTX3 concentration may reflect the immunologic trauma impact caused by soft tissue injury. Based on this idea, we detected an association of PTX3 concentration at admission and the anatomic injury severity as assessed by the ISS and PTS. PTX3 concentration at admission appears to be a marker for assessing injury severity, and peak PTX3 expression 24 hours after admission correlates with the RISC-calculated survival. This underlines the unique pathophysiologic involvement of PTX3 in the posttraumatic inflammatory response. PTX3 may explain why anatomic scores, independent of age, preconditions, and physiologic status, can predict survival. The interactions of PTX3, induced by the most important trauma-relevant cytokines and produced by all cell lines involved in tissue trauma, are shown ( Fig. 1) . PTX3 stands at the crossroad of several cytokinesignaling pathways and has the ability to reflect a more common activation of inflammation. Therefore, PTX3 might be a promising cytokine for estimating inflammatory and anatomic injury severity. Because of its pathophysiologic interactions with atherosclerotic diseases, PTX3 might also reflect endothelial damage and dysfunction after trauma. Further studies are needed to prove PTX3 as a surrogate parameter for soft tissue damage.
Apart from specific differences of the sIL-6R concentration in survivors and nonsurvivors, we also found higher PTX3, sIL-6R, and TSR levels in patients with OF, SIRS, and sepsis at different time points. These changes underscore the pathophysiologic role of these cytokines in the posttraumatic immune response and their capability to potentially use them in an immunologic bedside test aimed to predict the clinical course after multiple trauma.
We detected specific differences in the sIL-6R, PTX3, and TSR levels in polytraumatized patients with OF, SIRS, and sepsis. The temporal profile of the sIL-6R concentration distinguished between survivors and nonsurvivors but was not associated with OF, SIRS, or sepsis. In contrast, the combination of sIL-6R and IL-6 concentrations in the TSR was higher in patients with OF (24, 48, 72 hours after admission), SIRS (6, 24, 72 hours after admission), and sepsis (24 hours after admission). These results underline the power of combined interpretation of cytokine profiles and the weakness of single cytokine measurement. High PTX3 concentrations at 24 hours after admission were associated with SIRS and might be used to predict proinflammatory status of polytraumatized patients. PTX3 concentration 48 hours after admission was additionally associated with OF. sIL-6R, TSR, and PTX3 are promising markers to establish a bedside cytokine quick test to estimate the risk of OF and predict survival. PTX3, sIL-6R, and TSR are early markers for the posttraumatic inflammatory status, OF, injury severity, and survival after polytrauma. The temporal profiles of PTX3 and TSR might help to anticipate the clinical course and can guide decision making. Further studies will need to confirm these novel findings.
